We report on the collision of 1.5 ps (FWHM) laser pulses traversing at 17° a short 7 ps (FWHM) 46.6 GeV electron bunch. The phase-locked system used to maintain the correct timing of the laser pulses and the appropriate diagnostics are described. The jitter between the laser and electron pulses is determined from the stability of the observed rate of Compton scatters and can be described by a Gaussian distribution with ~j N 2.2 ps.
Introduction
In an experiment at the Stanford Linear Accelerator Center we are investigating the interaction of high energy electrons with the "critical field" of QED [1] . These conditions are achieved by scattering 46.6 GeV electrons from the focus of a short laser pulse with intensity in excess of 10 18 W/cm 2 [2] . The root-mean-square (rms) electric field at the laser focus is E,~s =~ (v/cm) where Zo = 377 f) is the impedance of free space and I is the laser intensity in W/cm 2 . The field seen by a high energy electron in its own rest frame, as it crosses through the laser focus at an angle of 8, is (1) where ~ = cfm is the ratio of the electron energy to its rest-mass. For I = 1018 W/cn12
and c = 46.6 GeV, E~~~ = 3.5 x 1015 V/cm as compared to the critical field value EC = rn2c3/(eh) = 1.3 x 1016 V/cm.
At such field strengths, multiphoton Compton scattering and e+ e-pair creation have significant probability and these processes are observed in the course of the experiment [3] .
The experiment is located in the Final Focus Test Beam (FFTB) [4] because the low emittance and short pulse length of the FFTB are well matched to the focal dimensions of the laser pulse. A schematic of the interaction region and detector arrangement is given in Fig. 1 . The laser pulse is focussed near its diffraction limit using ~/D = 6 optics at the interaction point (IP). The laser pulse crosses the electron beam at an angle of 17-degrees in the horizontal plane, as shown in more detail in Fig. 2 .
Following the IP a string of six permanent magnets directs the electrons to the dump but also serves as an analyzing spectrometer for the electrons that scattered in the laser focus and for positrons produced in the collisions of the high-energy gammas with laser photons. The forward-going high-energy ~-rays are detected by a Cerenkov monitor; at the laser intensities achieved, 25% of the electrons that cross the focus interact. The scattered electrons, are detected in a moveable silicon-tungsten calorimeter, whereas positrons are detected by a separate calorimeter as shown in Fig. 1 . Typically the Linac delivered pulses of 6 x 10 9 e-; while the electron beam operated at 10 Hz, collisions occurred at a rate of 0.5 Hz because of the operating characteristics of the laser. Under optimal conditions laser 2 pulses of energy U = 1 J were achieved in the green (J = 527 nm) with FWHM = 1.5 ps and focussed to an area A = 30 pn12 [2] .
For the electron pulse to cross through the laser focus the beams must be properly aligned in space and also properly timed. The transverse dimensions of (0. -c, w 40 pm) are significantly larger than the laser focal spot, so be maintained during a "run" in spite of small drifts (of order 5 pm) in the electron beam that collisions can the electron beam position at the IP. To maintain the two signals at the correct timing, the laser oscillator is phase-locked to the linac r.f. as discussed below. A particular pulse is selected from the oscillator pulse train, amplified and then transported to the IP along a 10 m long evacuated path. The overlap of the laser pulse with the electron bunch is adjusted by an optical delay line consisting of a prism mounted on a precision translation stage. The rate of laser-electron interactions as a function of relative delay between the two signals is shown in Fig. 3 ; it is fitted with a Gaussian yielding at = 3.4 ps.
For head-on collisions the two beams would traverse through each other in a time 
The Timing System
An overall schematic of the timing system is shown in Fig. 4 Fig. 5 . The laser oscillator produces a pulse train at 119 MHz consisting of 60 ps long pulses. The pulses are chirped in a fiber and expanded in a grating pair before a single pulse is injected into the regenerative amplifier. For diagnostic purposes, a beam splitter sends a fraction of the pulse train to a pair of compression gratings, and then to a photodiode. The phase of the photodiode signal is is compared in the timing stabilizer to the phase of the input r.f. and locks the pulse train to the r.f. This feedback loop is shown in Fig. 6 .
The laser triggering is based on the software-defined triggers of the Stanford Linear
Collider (SLC) which are also synchronized with the master oscillator of the accelerator.
These triggers can be tuned in both repetition rate and delay from a starting time 2'0, which coincides with the injection of the electron beam. The laser trigger starts as a 10 Hz trigger and its delay is adjusted with a pulse delay unit (PDU), interfaced with the SLAC control program. The finest timing step of a PDU is 8 ns.
The PDU signal is frequency divided to 0.5 Hz, split and then fed into two commercial delay units [9] that can be timed in picosecond steps. One of them is used to trigger the lamps of the laser amplifiers and is irrelevant for timing purposes since the lamp flash lasts for approximately 200 ps. The other delay unit triggers the 3 Pockels cells of the laser system. The last Pockels cell in the path of the laser defines the switchout time of the regenerative amplifier pulse train and thus selects the laser pulse that will collide with the electron beam. The timing of the other two Pockels cells is then adjusted relative to the switchout Pockels cell in order to achieve good amplification in the regenerative amplifier and good single-pulse contrast.
After the regenerative amplifier the laser pulse propagates through the rest of the laser chain and finally enters the input periscope in order to travel to the IP through the optical transport line. The leakage of the laser pulse from the first mirror of the periscope is detected in a photodiode, which is permanently positioned behind the mirror. The signal from this diode is the timing reference laser pulse and is compared with a signal derived from the electron beam.
The electron-beam signal is provided by a 'ringing cavity' installed in the electron 4 beam line, 60 cm downstream of the interaction point; the cavity has a resonant mode at 2856 MHz and quality factor Q = 1300. The cables from the ringing cavity and the photodiode patch cables are measured using "time delay reflectometry", while the optical transport length is determined by sending the laser pulse into the IP and measuring the relative delay of the input and return signals; this is achieved with two photodiodes. The signal from the laser diode is compared in a 400 MHz oscilloscope with the cavity signal.
Thus coarse timing between the laser and electron pulses is established by stepping the delay to the laser trigger in the PDU in 8 ns steps; furthermore the phase of the reference r.f. before the timing stabilizer is adjusted by using a cable delay box with ns steps. At this level the timing can be set to +0.5 ns.
The pulses from the laser oscillator enter the variable optical delay line which is used to set the fine timing between the laser pulse and the electron bunch. The timing is changed by positioning the stage with pm precision either manually or through an HPIB interface of the stage driver with a PC. Since the stage is 25 cm long it can cover the range of +0.8 ns. The PC interfaced into the stage driver is part of the Data Acquisition system and controlled by the central computer. Thus we can perform a real time scan of the laser pulse timing by correlating the optical delay with the observed rate of laser-electron interactions (see Fig. 3 ).
Study of Timing Jitter and Long Term Drift
Both timing jitter and long-term drift are manifest at the picosecond timing level required in this experiment. These effects were studied with various diagnostics and ultimately through their effect on the collision rate.
The timing jitter of a periodic signal of frequency UO can be determined from the power spectrum of a high harmonic, ntio. For high values of n the phase noise dominates and contributes to the power spectrum a term proportional to n20~. This contribution is parameterized by n2w~ S~(U -no. ) which represents the ratio of the spectral density in a (1 Hz bandwidth) at the offset "(u -no.), to the total power in the peak [10] . Thus S.J(U -nuo ) has dimensions of time-cubed and the timing jitter is directly given by an integral over the spectrum of SJ,
where we have set u' = (u -nuo ). The lower limit must be chosen such that w~OW AT ~ 1
where Al" is the duration of the experiment, but often it is imposed by the resolution of the spectrum analyzer. An example of such a spectrum is shown in Fig. 7 for the sixth harmonic of the 476 MHz signal after it has been transported by the optical fiber. For the laser we used a fast photodiode [11] to view the 24th harmonic of the pulse-train and integrated SJ(LO' ) from ti~OW = 100 Hz to w~i~~ = 1.5 kHz to find o, R 2.0 ps.
Measurements can also be performed in the time domain by displaying the fast photodiode signal of the laser pulse train on a sampling oscilloscope [12] . The scope was triggered by the 119 MHz reference r.f. To reduce the effects of amplitude fluctuations we show in Timing drift and jitter of the laser pulse arise from changes in the laser oscillator cavity length, thermal effects on the optics, turbulence in the cooling water flowing around the laser head and other mechanical vibrations. A discussion of these effects can be found in ref. [13] .
Conclusions from the Observed Collision Rate
In the end, what is desired is a stable collision rate at maximum overlap of the laser pulse with the electron beam. Thus, the collision rate is the ultimate monitor of timing jitter after correction for other contributing factors such as beam current and size. A "timing curve" was shown in A precise measure of the relative timing jitter can be obtained from the analysis of the data runs at fixed timing. Figure 13 (a) gives the distribution of the ratio of gammas detected divided by the laser energy, for a typical data run. In the absence of jitter and for constant electron beam parameters this ratio should have a fixed value, with a relatively small width corresponding to fluctuations arising from measurement errors. If the timing jitter is of the same order as the width of the temporal overlap of the two pulses (as measured by the timing curve of Fig. 3 ) the ratio will depart from its maximum tending to lower values; as the jitter increases, the peak is completely washed out. An equivalent representation (and which is to first order independent of variations in the electron beam parameter) is to plot the ratio of the number of gammas over the number of gammas predicted by the simulation for each event, taking into account not only the laser energy, 8 but also the laser area and pulsewidth and the electron beam configuration for this event.
This ratio should peak at one for perfect overlap conditions and will tend to zero for poor overlap. We call this ratio the "overlap factor' ) , N and it is determined for each event as the ratio of the observed to the predicted yield. It is shown in Fig. 13(b) for a particular data run.
We obtain an expression for the probability y distribution of the overlap factor N, as follows. If the time offset between the laser and electron beams is ~ (r is the difference from exact crossing) the overlap factor is given by 
To obtain the frequency function for N we note that ~(N)diV = ~(~)d~ so that where we set O. /aJ = R.
Eq. (7) was integrated over finite bins and smeared to account for the experimental resolution and then fit to the data of Fig. 13(b) . The fit returns R = O. /aJ = 0.98 + 0.12; therefore a~ N O. R 2.2 ps consistent with previous estimates, but with a small error (for this run u, = 3 ps, me = 0.64 ps). Furthermore the x 2 = 1.21 per degree of freedom is supporting the assertion that the jitter is distributed as a Gaussian.
In conclusion we have shown that it is possible to maintain collisions between a 7-pslong (FWHM) electron bunch and a 1.2-ps-long (FWHM) laser pulse. These techniques are important not only for studying nonlinear effects in high-energy electron scattering but also in the design of ~-~ colliders, laser X-ray sources and related applications. The Fig. 2 The crossing geometry for the laser pulse and electron beam. 
